Bronchial epithelial cells are targets of inhalation and play a critical role in the maintenance of mucosal integrity as mechanical barriers against various particles. Our previous result suggest that vapor-grown carbon fiber, HTT2800, which is one of the most highly purified multi-wall carbon nanotubes (MWCNT) showed cellular uptake of the carbon nanotube, increased cell death, enhanced DNA damage, and induced cytokine release. Increasing evidence suggests that autophagy may critically influence vital cellular processes such as apoptosis, cell proliferation and inflammation and thereby may play a critical role in pulmonary diseases. Autophagy was recently recognized as a critical cell death pathway, and autophagosome accumulation has been found to be associated with the exposure of various nanoparticles. In this study, the authors focus on the autophagic responses of HTT2800 exposure. The HTT2800-exposed cells induced LC3B expression and induced cell growth inhibition.
Introduction
Several studies report that nanoparticles have been functionalized to improve their biocompatibility and to promote their interaction with biomolecules. [1, 2, 3] The discovery of carbon nanotubes has greatly advanced this area because of their peculiar structures and properties. [4] Interestingly, Flahaut et al. synthesized carbon nanotubes by catalytic chemical vapor deposition that were nontoxic to human cells. [5] Unpurified carbon nanotubes have been are reportedly more toxic than metal-free nanoparticles. The iron catalyst was removed from the vapor-grown carbon fiber HTT2800 by thermally treating the material at a temperature of 2,800°C in an argon atmosphere. [6] This suggests that only a very low concentration of iron-based material remains in HTT2800. Our previous results suggested that HTT2800, which is one of the most highly purified multi-wall carbon nanotubes (MWCNT), showed cellular uptake of the carbon nanotube, increased cell death, enhanced DNA damage, and induced cytokine release. [6] However, information regarding the existing pulmonary impacts of HTT2800 is limited and remains inconclusive. A recent study suggested that nanoparticles are emerging as a novel class of autophagy-inducers. [7] Autophagy, which was first described in 1963, [8] is a tightly regulated cellular process involving bulk cytoplasmic and organelle degradation. [9, 10, 11] Common to nearly all eukaryotes, autophagy is a lysosomal degradation pathway that recycles intracellular components such as protein aggregates and damaged or dysfunctional intracellular organelles. [12, 13] Autophagy was recently recognized as a critical cell death pathway, and autophagosome accumulation was found to be associated with exposure to various nanoparticles. [14] However, the detailed mechanisms of their interaction with cells remain unclear. In this study, we investigated autophagy in BEAS-2B cells by assessing the expression of the autophagic marker light-chain 3B (LC3B) and its effects on cell death and proliferation.
Materials and Methods

Reagents
We used highly purified MWCNT known as HTT2800, which was previously described in detail. [15] HTT2800 was dispersed in 0.1% gelatin (Nacalai Tesque, Kyoto, Japan) in phosphatebuffered saline (PBS, pH 7.4) and was ultrasonicated before use. Tissue culture media were obtained from Sigma Aldrich (St. Louis, MO, USA). E-64d and pepstatin A were purchased from the Peptide Institute (Osaka, Japan), brefeldin A was obtained from Cell Signaling Technology (Danvers, MA, USA). 3-MA and z-VAD-FMK were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit monoclonal LC3B antibody was purchased from Cell Signaling Technology (Danvers, MA, USA). Premo TM Autophagy Sensor (LC3B-FP) was purchased from Molecular Probes (Eugene, OR, USA).
Cell culture
BEAS-2B cells were purchased from the American Type Culture Collection (Manassas, VA, USA). Cells were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), penicillin (100 U/mL), and streptomycin (100 µg/mL). Cells were grown and maintained in 100-mm culture plates (Iwaki, Tokyo, Japan) at 37°C in a 5% CO2 incubator.
Western blot analysis
BEAS-2B cells were treated with HTT2800 for the indicated time periods. Cells were washed 2 times with ice-cold PBS and solubilized in whole-cell extraction buffer (20 mM 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES, pH 7.9), 0.5% Nonidet P-40 (NP-40), 15% glycerol, 300 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 10 mM NaF, 1 mM Na3VO4, 1 mM dithiothreitol (DTT), 1 µg/mL leupeptin, 1 µg/mL pepstatin, 1 µg/mL aprotinin, and 0.5 mM phenylmethanesulfonyl fluoride (PMSF)). The cell lysate was centrifuged at 14,000 × g for 5 min, and the protein in the supernatant was quantified using Bradford protein assay reagent (Bio-Rad, Hercules, CA, USA). Total protein was diluted 1:4 with lane marker reducing sample buffer (Thermo Fisher Scientific, Waltham, MA, USA) and boiled for 5 min. The resultant protein was then separated by 5-20% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene fluoride (PVDF) membrane (GE Healthcare, Little Chalfont, UK). The membrane was blocked with 5% skim milk in Tris-buffered saline (TBS) with 0.1% Tween 20 (pH 7.6) for 1 h at room temperature and probed with primary rabbit LC3B antibody (Cell Signaling Technology, Danvers, MA, USA) and caspase-3 antibody (Santa Cruz Biotechnology) at 4°C overnight. After washing, the membrane was incubated with the secondary horseradish peroxidase-linked speciesspecific whole antibody (anti-rabbit or anti-mouse IgG; GE Healthcare) for 1 h at room temperature and visualized using EzWestLumi plus (ATTO, Tokyo, Japan).
Quantitative real-time PCR analysis
Total RNA was prepared from BEAS-2B cells using NucleoSpin® RNA II (Takara). cDNA was then synthesized using 0.5 µg of total RNA and the ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan) according to the manufacturer's instructions. mRNA levels were quantified using an ECO Real-Time PCR system (Illumina, Inc., San Diego, CA, USA) and SYBR Green Realtime PCR Master Mix-Plus-(Toyobo) with the following primer pair sets: LC3B, 5′-GAGAAGCAGCTTCCTGTTCTGG-3′ (F) and 5′-GTGTCCGTTCACCAACAGGAAG-3′ (R); and 18S rRNA, 5′-CAGCCACCCGAGATTGAGCA-3′ (F) and 5′-TAGTAGCGACGGGCGGTGTG-3′ (R). All reactions were performed in a 10-μL volume using 48-well PCR plates (Illumina). Cycling conditions were 95°C for 10 min (polymerase activation), followed by 40 cycles of 95°C for 15 s, 55°C for 15 s, and 72°C for 30 s. To determine which housekeeping genes were most suitable for subsequent normalization of data, we initially selected 3 candidates, GAPDH, β-actin, and 18S-rRNA, which are commonly used as internal controls in mammalian cells. After amplification, the samples were slowly heated from 55°C to 95°C with continuous reading of fluorescence to obtain a melting curve. The relative mRNA level was calculated using the arithmetic formula 2 −ΔΔCq , where ΔCq is the difference between the threshold cycle of a given target cDNA and an endogenous reference cDNA. Derivations of the formulas and validation tests are described in the Applied Biosystems User Bulletin No. 2.
Cell viability assay
BEAS-2B cells (5 × 10 3 ) were seeded into each well of 96-well tissue culture plates, cultured for 24 h, and incubated for 24 h with various concentrations of HTT2800 before cell viability was determined using the Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan). Briefly, 10 µL of CCK-8 solution was added to the medium and incubated for 2 h in an incubator with a 5% CO2 atmosphere. The amount of orange formazan dye that was produced was calculated by measuring the absorbance at 450 nm in a microplate reader (Awareness Technology, Inc., Palm City, FL, USA).
Autophagy detection
For autophagy and lysosomal protease inhibitor studies, BEAS-2B cells were pretreated for 3 h with the caspase inhibitor z-VAD-FMK (20 μM) the endosomal trafficking inhibitor brefeldin A (20 μM), the autophagy inhibitor 3-methyladenine (3-MA, 100 μM), and the lysosomal protease inhibitors E64d (10 μg/mL) and pepstatin A (20 μM). Cells were then co-incubated with the compounds and HTT2800 for a further 3, 6, 12, or 24 h before the cell viability was evaluated using the CCK-8. Autophagosomes were detected by monitoring the cellular distribution of GFP-LC3BII using GFP-LC3B (LC3B-FP) provided by Premo TM Autophagy Sensors. Mutated GFP-LC3BII (G120A) was used as a negative control. BEAS-2B cells were plated at 5 × 10 3 cells/well. Cells were then transduced with LC3B-GFP. Twenty-four hours later, the cells were incubated with HTT2800 with or without 3-MA (10, 30, and 100 μM) for 24 h. Analysis was performed by quantifying the florescence from vesicular structures in the perinuclear region using an Olympus fluorescent microscope IX73 (Tokyo, Japan).
Measurement of ROS
The reactive oxygen species (ROS) assay was performed according to the manufacturer's instructions. Briefly, BEAS-2B cells were seeded in 12-well plates at a density of 5 × 10 4 cells/well and incubated at 37°C for 24 h. Next, the culture medium was aspirated and cells were washed with Dulbecco PBS (-) (DPBS) followed by the addition of 1 mL of fresh culture medium containing 10 μM carboxy-DCFDA (C-400, Molecular Probes) dissolved in dimethylsulfoxide (DMSO). After the cells were incubated for 15 min in a CO2 incubator, 10 μL of test solution was added to the cells. Hydrogen peroxide (1 mM) was used as a positive control stimulus. Following exposure for 60 min, the cells were washed once with DPBS and harvested with trypsin-EDTA. Finally, the cells were suspended with 0.3 mL of 10% FBS in DPBS and passed through a nylon mesh. Cells were subjected to flow cytometry (FACSCalibur™, Becton Dickinson, Franklin Lakes, NJ, USA) until 20,000 events were recorded.
Statistical analysis
Data are presented as the mean ± standard error of the mean (SEM). Values were compared and analyzed using Student's t-test. We considered P-values less than 0.05 to be statistically significant.
Results and Discussion
We used LC3B as a marker of autophagosome formation. Our major finding in this study is that HTT2800-induced autophagosome formation in BEAS-2B cells enhanced LC3B expression. First, we examined the expression of LC3B mRNA and protein in BEAS-2B cells after treatment with HTT2800 (10 μg/mL). As shown in Fig. 1A , cells were cultured for 24 h in nutrient-rich conditions. Interestingly, there was a dose-dependent increase in LC3B mRNA expression in BEAS-2B cells. Furthermore, expression levels of LC3B-II protein agreed with those of mRNA levels (Fig. 1B) . These results suggest that HTT2800-treated BEAS-2B cells induced LC3B in a time-dependent manner. The effect of HTT2800 on BEAS-2B cell viability was evaluated using the CCK-8 assay. As shown in Fig.  2A and B, HTT2800-treated BEAS-2B cells showed decreased cell proliferation that was both timeand dose-dependent. As shown in Fig.3A and B, following addition of 3-MA, LC3B-II protein and mRNA levels were significantly decreased. Next, to determine whether endocytosis and lysosomal regulation are involved in HTT2800-induced cell death, cells were pretreated for 2 h with brefeldin A, which inhibits the transport of proteins from the endoplasmic reticulum (ER) to the Golgi, 3-MA, which inhibits autophagosome formation, or E64-d and pepstatin A, which are lysosomal proteinase inhibitors, prior to HTT2800 treatment. As shown in Fig. 3C and D, GFP-LC3B cellular localization was determined by confocal microscopy. Following addition of 3-MA, the number of vacuoles was lower than in the HTT2800-treated group. Next, as shown in Fig. 3E, 3 -MA and E64-d+pepstatin A, but not brefeldin A, provided protection against HTT2800-induced cell death of BEAS-2B cells that occurred via the autophagic rather than the endocytic pathway. Autophagic cell death is characterized by the massive accumulation of autophagic vacuoles in the cytoplasm of cells that lack signs of apoptosis. [16] Because activation of the caspase signaling pathway is not always observed in autophagic cell death, we examined whether it was involved in HTT2800-mediated cell death. Our previous observations indicated that HTT2800 did not induce the common apoptotic fragmentation of caspase-3. [6] As shown in Fig. 4A , z-VAD-FMK failed to suppress HTT2800-induced cell death. Furthermore, we examined the cleavage of caspase-3. Interestingly, compared to control, cleaved caspase-3 was increased after treatment with 3-MA (Fig. 4B ). This result further supported the hypothesis that caspase-3 is not involved in the mechanism of HTT2800-induced cell death in BEAS-2B cells. Next, airway epithelial cells are at risk for damage after inhaling ROS, which are present in many environmental particulates. [17] Oxidative damage due to ROS results in damage to DNA, proteins, and lipids and the activation of cell-signaling pathways that is associated with the loss of cell growth regulation. [18] However, by measuring ROS production upon HTT2800 exposure, there was no significant difference after short-term exposure (60 min) ( Fig. 4C ). Our previous results also suggested that no obvious 2,7-dichlorofluorescin diacetate (DCF, a ROS indicator) response was observed after 24-h exposure to HTT2800 at concentrations between 0.1 and 30 μg/mL. [6] Taken together, these results suggest that HTT2800-induced cell death occurred via the caspase-and ROSindependent pathways. It has been reported that autophagosome induction from nanomaterial treatment is associated with cell death. [19] In fact, nanomaterials were observed within the autophagosome compartment. [20] To investigate autophagy in BEAS-2B cells, we used LC3B as a marker of autophagy. When autophagy is not activated, LC3B is localized to the cytoplasm. However, upon initiation of autophagy under cellular stress, LC3B associates with the isolation membrane. Cleavage of LC3B at the carboxyl terminus immediately following synthesis yields the cytosolic form of LC3B-I. During autophagy, LC3B-I is converted to LC3B-II through lipidation by autophagy-related genes (Atg7 and Atg3), allowing LC3B to associate with autophagic vesicles. [21] After autophagosomes are formed, they undergo a stepwise maturation process in which they engulf organelles, fuse with lysosomes, and mature into autolysosomes with lysosomal enzymes. [12] As shown in Fig. 1A and B , we examined the expression of LC3B mRNA and protein in BEAS-2B cells after exposure to HTT2800. Real-time PCR and western blot analysis showed that LC3B expression was increased in a dose-dependent manner. However, it remains unclear whether the endocytic and autophagic pathways are involved in HTT2800-mediated cell death. Our previous results suggested that HTT2800 caused cellular uptake of the carbon nanotube, increased cell death, enhanced DNA damage, and induced cytokine release. [6] However, the mechanism of cell death induction by HTT2800 remains unclear. As shown in Fig. 2A , our results show that HTT2800 caused the cell death of BEAS-2B cells in a doseand time-dependent manner. Next, we determined whether HTT2800 induced cell death by inhibiting autophagy. 3-MA is one of the most commonly used inhibitors in autophagosome formation. As shown in Fig. 3A , autophagy was detected by western blot analysis. HTT2800-induced LC3B-II protein was significantly decreased after treatment with 3-MA. We also monitored the cellular distribution of LC3B-II under fluorescence microscopy. The number of vacuoles was significantly lower than in HTT2800-treated cells ( Fig. 3C and D) . Furthermore, we determined the effects of brefeldin A on cellular autophagy. Brefeldin A inhibits the transport of proteins from the ER to the Golgi, while it induces protein transport from the Golgi to the ER. As shown in Fig. 3E , the effects of brefeldin A and 3-MA were examined; 3-MA, but not brefeldin A, reduced HTT2800-induced cell growth inhibition. We also examined the roles of lysosomal enzymes in the autophagic process; E-64d and pepstatin A provided protection and delayed HTT2800-induced cell growth inhibition. These results suggest that the effect of HTT2800 on BEAS-2B cells is mediated by a signaling pathway that upregulates the cellular autophagic capacity and promotes the activity of lysosomal proteases. Next, oxidative stress-induced caspase activation is a common event in apoptotic and non-apoptotic cell death. [22] In addition, pretreatment with the caspase inhibitor z-VAD-FMK had no significant protective effect on HTT2800-induced cell growth inhibition (Fig. 4A ). Next, we examined the effect of HTT2800-mediated cell death by 3-MA. Caspase-3 is a key executioner of apoptosis, [23] and activation of caspase-3 requires proteolytic processing into p17 and p12 fragments. Interestingly, we found that 3-MA-treated BEAS-3B cells were induced in caspase-3 activation (Fig. 4B) . These results suggest that autophagy inhibition accelerates apoptosis in BEAS-2B cells. Furthermore, HTT2800induced autophagic cell death occurred in the absence of caspase activation and through an ROSindependent pathway (Fig. 4C) . These results suggest that HTT2800 predominantly causes autophagy rather than apoptotic cell death in BEAS-2B cells. In summary, the mechanism of nanomaterialinduced autophagy accumulation in many cases remains unclear. Further studies are needed to clarify the molecular mechanisms underlying the interaction between nanomaterials and autophagy machinery. (20 μg) was analyzed using SDS-PAGE and LC3B was visualized with enhanced chemiluminescence as described in the text. (B) Real-time PCR measurement of LC3B mRNA expression in BEAS-2B cells after treatment with or without 3-MA. Relative LC3B levels were normalized to 18S rRNA and are expressed as the mean ± standard error of the mean (SEM) (n = 3; **P < 0.01). (C) and (D) Autophagosome detection with Premo TM Autophagy Sensor. BEAS-2B cells were plated at 5 × 10 3 cells/well. Cells were then transduced with LC3B-GFP. Twenty-four hours later, the cells were incubated with HTT2800 (10, 30, and 100 μM) for 24 h. Analysis was performed by quantifying the florescence from vesicular structures in the perinuclear region using the Keyence fluorescent microscope BIOREVO BZ-9000. (E) The survival of HTT2800-treated cells in the presence and absence of the indicated compounds were measured using the Cell Counting Kit-8. Cells (5 × 10 3 cells/well) were seeded into 96-well culture plates for 24 h. Cells were pretreated for 2 h with 3-MA (100 μM), E64-d+pepstatin A (10 μM each) or brefeldin A (20 μM) prior to exposure to HTT2800. Cells were pretreated for 2 h with compounds prior to coexposure to inhibitor and HTT2800 for 24 h. Data are expressed as the mean ± SEM (n = 4; **P < 0.01). 
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